Introduction leg domains (Figure 1a) . A pentamer is about 170 Å in height (the decamer is ~300 Å) 109 and 130 Å in width with a 20 Å lumen (Figure 1c ). We note however that the map 110 shows a wide range of local resolution, with the leg domain well defined and with 111 visible side-chains, while the head domain is much more poorly defined ( Figure S2b) . domains. To address this, we therefore performed a focused refinement on the head 114 domain only, leading to a map at 5.02 Å resolution for this domain (Figure S2c, S2e) . 115
Using this map, we were able to generate an atomic model for this region of FliDcj, 116 based on the crystal structure of FliDec (PDB ID: 5H5V) 8 . We then used the map of 117 the full complex to build the atomic model for the leg domain de novo ( Figure S2d , S2f, 118 Table 1 ). 119 120
The FliDcj structure shows that the FliD protomer folds in on itself in a n-shape, which 121 results in N and C termini next to each other in the leg domain. The overall architecture, 122 as proposed previously, consists of a D0 domain formed by a long coiled coil, 123 consisting of two helices located at the termini. A four-helix bundle forms the D1 124 domain. Connected to the D0-D1 leg domains are D2-D3 domains, rich in anti-parallel 125 b-sheets, forming the head (Figure 1b ) 7-9 . This overall architecture is similar to that of 126 the flagellin and hook, and in agreement with the previously reported structures of the 127
FliD head domain 20 . Intriguingly, while it was predicted that the D0 domain consists 128 of a two-helix coiled-coil, as present in the flagellin and hook, our structure reveals that 129 the N-terminal 17 residues are extended into a stretch that folds under and behind the 130 monomer, interacting with the preceding subunit via a short b-strand. As a 131 consequence, the C-terminal helix of the coiled-coil is not partnered with the N-132 terminus, but instead interacts with that of another molecule through hydrophobic 133 interactions, forming the pentamer-to-pentamer interface. This intriguing architecture 134 likely explains the strong tendency of FliD to form tail-to-tail complexes during 135 isolation, as observed in FliDse 6 and FliDcj (this study). 136
We also note that FliDcj possesses a long insert within the D1 helix bundle, not present 137 in other orthologues ( Figure S3a ). Secondary structure prediction indicates that this 138 insert is likely globular (not shown), leading to the hypothesis that it forms an additional 139 domain, termed D4. This type of domain insertion is not unusual, and has been 140 observed in other FliD orthologues, as well as in flagellin and hook proteins 10, 11, 21, 22 . 141
In our FliDcj map, we were able to observe density for this domain (Fig S3b) , however 142 it is at very low resolution, and did not allow us to build an atomic model. This suggests 143 that the D4 domain is flexible. Indeed, further 3D classification revealed at least 4 144 distinct positions for this domain ( Figure S3c ). The role of this D4 domain is not known, 145 but we postulate that it could be related to FliDcj's capacity to bind to heparin, a feature 146 involved in C. jejuni adherence but not observed in other FliD orthologues 4 . 147 148 149 [6] [7] [8] [9] [10] . In all orthologues, the structure 155 is very similar, with RMSB values ranging from 1.5 Å to 2.5 Å to that of FliDcj ( Figure  156 2a). In the E. coli orthologue, domain D1 was also present in the structure. It consists 157 of a 4-helix bundle, and this structure is very similar to that of FliDcj, with a RMSD of 158 1.5 Å between the two structures. Nonetheless, we note that the position of D1 relative 159 to that of D2-D3 is dramatically different in FliDec compared to FliDcj ( Figure S4a ). This 160 suggests that the hinge between D1 and D2 is flexible, as supported by our focused 161 refinement result. the E. coli orthologue the pentamer is flattened compared to that of FliDcj ( Figure S4b ). 174
Based on our structure, we hypothesize that there is a large degree of plasticity in the 175 interface between the D2-D3 domains of adjacent molecules, and therefore in the 176 absence of D0, a range of interfaces can be trapped in the crystal contacts. We 177 propose that the additional contacts formed by the N-terminal stretch are essential for 178
FliD to adopt its true oligomeric state. 179
180
To verify this, we investigated the oligomeric state of full-length FliDsm and FliDpa, the 181 head domains of which crystallized as tetramers and hexamers, respectively, by 182 negative stain TEM. As mentioned above, these proteins do not form uniform complexes ( Figure S1b ). Nonetheless, we noted that the majority of the particles 184 appeared as top views, which allowed us to perform preliminary 2D classification to 185 determine their lateral symmetry. This revealed that both orthologues form pentamers 186 with similar dimensions to that of FliDcj ( Figure 2c ). However, in the FliDpa sample we 187 observed additional particles with 6-fold and 4-fold symmetry, while in the FliDsm 188 sample there was a large percentage of particles with 4-fold symmetry. The 189 dimensions of the particles in those 2D classes are significantly larger than the FliD 190 pentamer, and therefore we could not conclude if these correspond to alternative 191 oligomeric species, or to other negative stain artifacts and/or non-specific aggregates. 192
However, the presence of pentamers with similar dimensions to that of FliD supports 193 the hypothesis that the native architecture of the cap complex is a FliD pentamer, with 194 contacts at the N-terminus required for FliD to adopt its true oligomeric state. As mentioned above, our structural characterization of the cap complex indicates an 201 unusual architecture of the N-terminus, which forms a stretch that wraps around and 202 forms contacts with two adjacent subunits, through hydrophobic contacts (Figure 3a) . 203
In particular, Residues Leu 9 and Phe 11 are buried within a pocket formed by Trp 614 204 and Tyr 617, located in the C-terminus of the adjacent molecule. This is of particular 205 interest since it was shown that the C-terminus contributes to the oligomerization of 206
FliD and interaction with its chaperone 23 . We also note that both the N-and C-termini 207 of FliD are highly conserved across species, with mainly aromatic side-chains present 208 in all orthologues in the aforementioned positions. confirms that the hydrophobic properties of these residues are critical for motility, 219
suggesting that the interaction formed by the N-terminal stretch contributes to FliD 220 function. To verify if motility was affected because the aforementioned mutations 221
prevented filament assembly, we visualized the corresponding bacteria by TEM. All of 222 the mutations still led to bacteria with assembled filaments, of length similar to that of 223 WT bacteria ( Figure S5b ), demonstrating that the corresponding FliD proteins are still 224 able to promote filament elongation. However, we noted that the filaments are much 225 more brittle in the mutants, with between 60 and 80% of filaments found unattached 226 to the bacterial cell, versus ~ 20% in the WT bacteria ( Figure S5c ). We also note that 227 the N-terminal ~ 20 residue stretch corresponds to the secretion signal in flagellar 228 filaments of S. enterica, so potentially a similar signal exists for FliD to be secreted 229 through the flagellum T3SS 24 . The observation that in the mutants described above, 230 the filament is still formed, is a strong confirmation that these mutations did not 231 interfere with FliD secretion, but rather with its function to promote filament elongation. 232
The second set of interactions observed in the D0 domain, is formed between the C-233 terminus of FliD in the pentamer-to-pentamer interface (Figure 3a ). Evidence from 234 tomography, as well as other biochemical data, indicate that this interaction is not 235 physiological 5,25-27 . However, since it is observed in both FliDcj and FliDse, we 236 postulated that it mimics the interaction between FliD and the filament. To verify this, 237
we engineered a series of mutations in the residues forming this interface (Leu 628, 238
Ile 635, Leu 624 and Ile 620) and characterized their impact on motility as described 239 above (Figure 3b ). Mutating these residues impacted motility, however the effect is 240 less pronounced than the mutants involved in the N-terminal stretch interaction, with 241 the exception of I620S and L624S mutations. We propose that this is because the is the critical element of this region of the protein. To reconcile this, we sought to determine the structure of the native C. jejuni filament, 264 directly from wild type cells (Figure 4a ). To avoid biases due to symmetry, we initially 265 performed a reconstruction without any helical symmetry applied. This map clearly 266 possessed 11-fold symmetry ( Figure S6b Based on this, we used the previously published structure of the P. aeruginosa 278 filament (PDB ID: 5WK6), to position the cap complex within the filament structure. 279
This allowed us to propose a model for FliD-flagellin interaction (Figure 4c ). In this 280 model, the C-terminus of FliD forms broadly non-specific, hydrophobic contacts with 281 In previous studies, evidence suggesting different stoichiometries for the flagellum 291 filament and/or cap complex in different species was based on low-resolution cryo-EM 292 structures, and crystallographic symmetries of truncated proteins. Here we largely 293 resolve this conflicting evidence, by demonstrating that FliD adopts a pentameric 294 stoichiometry in a range of species, and that the filament of C. jejuni is 11-stranded, 295
and not 7-stranded as reported previously. We can therefore conclude that the 296 stoichiometry of these proteins is conserved across species, with a 11-to-5 asymmetry 297 between these two different regions of the bacterial flagellum. Our structure of the 298 intact cap complex, supported by mutagenesis studies, suggests that the FliD C-299 terminal domain interaction with the opposite pentamer in the decametric complex 300 mimics that of the FliD interaction with the filament. We hypothesize that exposed 301 hydrophobic residues, both on the D0 domain of flagellin molecules and in the C- We note that previous studies, based on low-resolution tomography data, have 319 suggested that the D0 domain of FliD might be dynamic, with the leg domains opening 320 and closing to promote filament elongation 5, 9, 26 . Our structure of the cap complex does 321 not support this model, as we show that the N-terminal stretch of FliD is essential for 322 filament elongation and maintains the leg domains in a rigid position. Our data 323 supports an alternative mechanism, which had been proposed previously, whereby 324 the cap complex acts as a rigid cog that rotates during flagellum elongation 8 . Further 325 experiments to characterize the flagellum-cap complex at high resolution will be 326 required to confirm this model. demonstrate that FliD across multiple species (FliDsm, FliDpa and FliDse) forms 330 pentameric complexes. We show that the interface between opposite D0 leg domains 331 in the FliD decamer complex is essential for cell motility and formation of a functional 332 filament, and therefore likely plays a role in FliD-filament interactions. We also 333 demonstrate that the C. jejuni flagellar filament possesses the same architecture as 334 that of other species. Taken together, these results allow us to propose a universal 335 model for cap-filament interaction as well as propose a mechanism for cap-mediated 336 filament elongation. Negative-stain grid preparation and data collection. 361 Scientific). After incubating the sample for ~2 minutes at room temperature, the grids 365 were rapidly washed in three successive drops of deionized water and then exposed 366 to three successive drops of 0.75% uranyl formate solution. Images were recorded on 367 a CM100 TEM (Phillips) equipped with a MSC 794 camera (Gatan) (FliDcj and C. jejuni 368 cell cultures) or a Technai T12 Spirit TEM (Thermo Fisher) equipped with an Orius 369 SC-1000 camera (Gatan). Datasets were manually acquired with a pixel size of 2.46 370 Å/pix, and a defocus range from -0.8 µm to -2.0 µm. The micrographs were processed 371 using cisTEM 31 package, with CTF parameters determined by CTFFIND4 32 . 372 were used as templates for automated particle picking for the entire dataset. A total of 410 130000 particles were picked and extracted using a 280 x 280 pixels box. After 411 multiple rounds of 2D classification, 55967 particles from the best 2D classes were 412 obtained and used to generate an initial model. Following further 3D classification and 413 refinement with D5 symmetry, a final map to 4.71 Å resolution was generated, which 414 was sharpened using PHENIX 1.13 36 . The leg domains were visibly at a higher 415 resolution than the head domains, therefore a mask centering on the head domain 416 was used for further refinement with C5 symmetry, leading to a map of the head 417 domain to 5.02 Å resolution. Further 3D classification of the masked head domain was 418 used to identify 4 different conformations of the D4 domain not resolved in the full map. 419
For the native C. jejuni filament, processing was done in RELION 3.0 34 . Motion 420 correction was performed with MotionCor2 35 , with dose-weighting. CTF parameters 421 were determined by CTFFIND4 32 . Filaments were manually picked, and particles 422 were extracted using a 7.6 Å rise and 300 pixel box leading to a set of 254041 423 segments. Multiple rounds of 2D classification gave a final dataset of 71828 good 424 particles which were used for 3D refinement, both with and without imposed helical 425 symmetry. Without symmetry, the structure refined to 27.2 Å resolution, but when 426 helical symmetry was applied, the final resolution after further classification and 427 refinement was 8.6 Å, with a 65.4° twist and a 7.25 Å rise. 428 the FliDec crystal structure 8 (PDB:5H5V) as a template. These domains were fitted 434 into the sharpened map in Chimera 38 . This model was subjected to iterative rounds 435 of real-space refinement and building using PHENIX 1.16 36 and Coot 39 respectively. 436
The N-terminal stretch was modeled with RosettaES 40 , and then the remaining 437 missing loops were modeled using RosettaCM 41 guided by the electron density. The 438 output model was refined once more in Coot to improve the geometry and delete any 439 modelled residues in areas without electron density. (Table S1 ). These flanks 456 were assembled into pGEM3ZF either side of a non-polar kanamycin resistance 457 cassette, amplified from pJMK30 using primers KanF/R (Table S1) (Table S1 ). The amplified fragment was digested with 463 pseudo-gene region corresponding to cj0046 in C. jejuni 11168 to allow insertion into 466 the genome, a constitutive promoter from the C. jejuni metK gene to drive expression 467 of fliD, and a chloramphenicol resistance cassette. To generate the strains, wildtype 468 C. jejuni 81116 was first transformed with the fliD mutation vector by electroporation 469 and colonies selected for kanamycin resistance on blood agar plates. The isolated 470 mutant strain was then further transformed with the fliD complementation vector and 471 selected for double kanamycin / chloramphenicol resistance. Briefly, the fliD complementation plasmid was amplified by PCR with divergent primers 479 containing targeted nucleotide substitutions in the forward primer (listed in Table S2 ). The map for FliDcj is available at EMDB with accession code EMD-10210, and the 503 atomic model is available in Protein Data Bank with accession code 6SIH. The map 504 for the native filament is available at EMDB with accession code EMD-10244. All other 505 data supporting the findings of this study are available from the corresponding authors 506 upon request. 507 508 509
